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were observed on cucumber, wheat, and pea at water potentials of -2 kPa. The suppression of damping-off on cucumber and wheat could be eliminated by autoclaving the compost prior to sowing. High levels of suppressiveness were expressed both on cucumber and on wheat seed surfaces within 8 h of sowing. However, the expression of damping-off suppression on the surface of pea seeds was inconsistent and highly variable. Our results demonstrate that compost-induced suppression of P. ultimum damping-off of cucumber and wheat can be explained by the microbial consortia colonizing seeds within 8 h of sowing. These results further suggest that disease suppression in composts is related to microbial species that interact with the pathogen in its infection court and not in the bulk compost.
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Disease suppressive properties of compost amendments are well known and the spectrum of pathogens and diseases that can be effectively managed by compost amendments has been well documented (10, 15, 18, 28) . Many studies of compost-induced disease suppression have focused on diseases caused by Pythium species (28) where suppressiveness has been linked directly to microbial populations and activities (10) . However, little is known of the specific microbes and processes involved in disease suppression.
Various approaches have been used to identify the specific microbes that contribute to disease suppressiveness in composts and suppressive soils (3) . Traditionally, many of these approaches have focused on microbial taxa associated directly with the substrate (9, 14, 40 , and references therein). However, a problem with this strategy is that the vast majority of these microbes have little or nothing to do with the disease-suppressive phenotype. More directed approaches for identifying disease suppressive microbes that take advantage of correlations between differential levels of disease suppression with population changes of specific microbes have been proposed (4) . Although differential levels of Pythium damping-off suppression may be obtained by varying the feedstock (31, 37) , incorporation rate (42) , temperature (1) , or Pythium species (1, 31) , disease suppression under these differential conditions may not always be correlated directly with population levels of specific microbes because of regulatory mechanisms that may affect the expression of suppressive properties (44) .
A successful approach for identifying disease-suppressive microbes, as illustrated by studies of the take all decline phenomenon (43) , is to look specifically at microbial taxa that associate directly with the plant infection court (2, 22, 30, 36) . Plants form intimate associations with microbial communities that can influence the behavior and activity of soil pathogens (11, 12) . Although it is well known that spermosphere-and rhizosphere-associated microbial communities influence disease development on different plant genotypes (21, 34) , the role of the host plant in affecting compost-induced disease suppression remains poorly characterized. Because seeds represent the primary infection court for Pythium species (23), spermosphere microbial communities are likely to have strong effects on disease suppression. This was demonstrated previously with leaf composts in which Pythium damping-off suppression was expressed on cottonseed surfaces within the first few hours of sowing seed (22) . The microbial consortia that associated with cottonseed shortly after sowing accounted for all of the disease suppression observed. These observations, coupled with observations of differential damping-off suppression among plant species when seeds are treated with individual disease-suppressive microbes (20, 34, 35, 44) , further points to the important role of seed-colonizing microbes in disease suppression and the potentially important role of the host plant in regulating the disease suppressive activities of seed-associated microbes.
The aim of our present study was to determine the suppressiveness of a municipal biosolids compost to Pythium dampingoff of cucumber, wheat, and pea as a means of understanding whether (i) different plant species support compost-induced Pythium damping-off suppression and (ii) compost microbes that colonize seeds during early stages of seed germination can adequately explain levels of damping-off suppression observed on each plant species.
MATERIALS AND METHODS
Composts and plant material. A municipal biosolids compost was collected from a composting facility in the village of Endicott, NY, in 2005 and used throughout this study. The general properties of biosolids composts produced from this facility have been described previously (9) . At the commencement of this study, the compost was sieved through a 2 mm screen, placed in ≈3-liter aliquots, and stored at -20°C until use. These smaller subsamples were used to avoid repeated freeze-thaw cycles with the compost material that might severely alter compost microbial communities (41) . For all laboratory experiments, each compost was removed from the freezer 24 h prior to an experiment and mixed with sterile, washed, oven-dried quartz sand sieved to a particle size between 0.5 and 1.0 mm at a rate of 100 mg (dry weight) of compost per cm 3 of mix (total volume). Hereafter, this compost-sand mixture is referred to as "compost medium".
The following plant species were used in our study: cucumber (Cucumis sativus L. 'Marketmore'), wheat (Triticum aestivum L. 'Batavia'), and pea (Pisum sativum L. 'Maxigold'). Cucumber and pea seeds were obtained from a commercial seed company (Johnny's Selected Seeds) whereas wheat seeds were kindly provided by M. Sorrels, Department of Plant Breeding and Genetics, Cornell University. All seeds were stored at room temperature.
Production of P. ultimum sporangia. Sporangia of P. ultimum were used as inoculum in all seedling bioassay experiments. P. ultimum isolate P4 was maintained on solid SM+L medium as described previously (39) . After 5 days of growth at 27°C, mycelial disks (5 mm diameter) were excised, placed in sterile petri dishes (9 cm diameter) and leached for two consecutive 10-min periods in a buffer (pH 5.8) containing 10 mM Ca(NO 3 ) 2 ⋅4H 2 O, 4 mM MgSO 4 ⋅7H 2 O, and 5 mM KNO 3 . This was followed by a final 3-h leaching period in darkness. The buffer was replaced after each leaching period. After the final leaching period, the leachate was removed, disks were rinsed twice with sterile water, and then incubated at 24°C in darkness for 2 days. This leaching process was used to enhance the formation of P. ultimum sporangia (26, 27) .
Disease suppression bioassays. Bioassays designed to measure compost suppressiveness were set up in fritted glass funnels (600 ml, 9 cm diameter) to maintain constant water potentials. Each funnel was packed with 75 cm 3 of compost medium or sand. An agar disk containing P. ultimum sporangia was then placed on the surface of the medium. A single surface-disinfested cucumber seed was then placed directly onto the agar disk. The funnels were then filled with a final 75 cm 3 of compost medium or sand. The medium was saturated with distilled water and adjusted to a water potential of -2 kPa. Noninfested sand and compost medium were used as controls. The entire assembly was incubated at 24°C with a 16 h photoperiod. After 7 days, funnels were scored for percent seedling stand and each emerged seedling was also assessed for shoot height and shoot dry weight. There were three replicates for each treatment, with 10 seedlings per replicate. From our initial results, it was clear that each of the three measures of disease severity mirrored each other (Table 1) . We therefore chose to use shoot heights as our measure of disease severity in all subsequent experiments because shoot heights not only reflected observed differences in stand establishment, but they also served as a measure of the stunting that was observed in sand compared with compost medium and also associated with postemergence disease development ( Fig. 1) .
To verify that damping-off suppression in compost was due to biological factors, the compost was autoclaved at 121°C for 30 min on two consecutive days then mixed with sterile sand. Bioassays were set up as described previously and incubated at -2 kPa. Nonautoclaved compost medium and sterile sand served as controls. Bioassays were incubated at 24°C for 7 days then shoot heights of each seedling were determined.
Transplant experiments. Transplant experiments similar to those described previously (22) were used to determine how soon suppressiveness was expressed after sowing. Cucumber, wheat, and pea seeds were removed from funnels at 0, 8, 16 , and 24 h after sowing. Seeds were rinsed with sterile deionized water to remove any adhering compost or sand and then placed directly on the top of an agar disk containing P. ultimum sporangia in a clean fritted glass funnel containing 75 cm 3 of sterile sand. Seeds were then covered with an additional 75 cm 3 of sterile sand and the entire bioassay assembly incubated and rated as described previously. There were three replicates for each treatment, with 10 seedlings per replicate.
Pythium damping-off suppression by seed-colonizing microorganisms. Microbial consortia associated with the surface of seeds germinated in compost medium were evaluated for their effects on Pythium damping-off. Fifty seeds of cucumber, wheat, or pea were grown for 8 h in compost medium, removed, then placed in 10 ml of a 0.1% sodium pyrophosphate (NaPP) buffer and vortexed for 5 min to dislodge microbial cells. Cell suspensions were then centrifuged for 15 min at 8,000 rpm to pellet microbial cells. In some experiments, seeds were vortexed for three additional 5 min periods, collecting microbial pellets following each vortexing period. The recovered microbial pellets were resuspended in 2 ml of 0.1% NaPP buffer. Ten surface disinfested seeds of cucumber, wheat, or pea were placed in these microbial cell suspensions for 30 min. Seeds were then removed and placed adjacent to an agar disk containing P. ultimum sporangia in a clean fritted glass funnel containing 75 cm 3 of sterile sand. Nontreated seeds served as controls. Seeds were covered with an additional 75 cm 3 of sterile sand and the entire bioassay assembly incubated and rated as described previously. In all experiments, seeds sown in sterile sand that was either noninfested or infested with P. ultimum served as positive and negative controls, respectively. There were three replicates for each treatment, with 10 seedlings per replicate.
Statistical analyses. Shoot height, seedling stand, and dry weight of shoot data were analyzed by analysis of variance (ANOVA) procedures using the PROC GLM (general linear models) or mixed model in SAS version 9.1 (SAS Institute, Cary, NC). Means were compared using Tukey's multiple range test.
RESULTS

Suppression of Pythium damping-off on different hosts.
Municipal biosolids compost was suppressive to Pythium damping-off (as measured by shoot height) on all three plant species tested (Fig. 1) . Shoot heights of seedlings grown in P. ultimuminfested compost were significantly (P < 0.05) greater than shoot heights of seedlings grown in P. ultimum-infested sand, in which few seedlings emerged after 7 days and both seeds and radicals were heavily diseased. Mean shoot height of cucumber and wheat Autoclaving the compost medium eliminated suppressiveness to P. ultimum damping-off on all three species (Fig. 2 ). Significant (P < 0.05) reductions in shoot height were observed in infested autoclaved compost medium as compared with the nonautoclaved compost medium. Shoots heights in the infested autoclaved compost medium did not differ from those in infested sand.
Transplant experiments. To identify when seed-colonizing microbial communities became suppressive to Pythium dampingoff, seeds of the three plant species were sown in sand or compost medium for 8, 16, and 24 h before being transplanted to sterile sand and infested with P. ultimum sporangia. Significant (P < 0.05) levels of damping-off suppression (as determined by shoot heights) were observed as early as 8 h after sowing cucumber or wheat seeds in compost (Fig. 3) . Suppressiveness was also evident at 16 and 24 h for cucumber but was not apparent for wheat at these incubation times. Shoot heights among cucumber seeds transplanted from sand to sand did not differ between 8 and 24 h. However, shoot heights from wheat seeds transplanted at 16 and 24 h after sowing was significantly less than for shoot heights from seeds incubated in sand for 8 h. Shoot heights from pea seeds germinated for 8 to 24 h in compost did not differ significantly from those germinated in sand for 8 to 24 h before transplanting to sand. Shoot heights from transplanted cucumber, wheat, and pea seeds did not differ from those of nontransplanted seeds at any incubation period tested. Because suppressiveness was expressed as early as 8 h on cucumber and wheat seeds, this time period was chosen for subsequent sampling of seed-colonizing microbial consortia.
Suppression of Pythium damping-off by seed-colonizing microorganisms. The consortia of seed-colonizing microbes were recovered from the surface of cucumber, wheat, and pea seeds germinated in compost medium for 8 h and tested for their ability to protect seeds from damping-off. Cucumber and wheat seeds treated with seed-colonizing microbial consortia yielded seedlings with significantly greater than those from nontreated seeds (Fig. 4) . Although microbial consortia dislodged from cucumber seeds following a 5-min vortexing treatment induced a significant level of damping-off suppression as compared with infested sand controls, a significant level of disease suppression remained associated with vortexed seeds. A more aggressive 5-min vortexing treatment eliminated all remaining suppressiveness associated with seeds (data not shown). This vortexing treatment did not lead to seed damage or reduced seedling vigor since germination rates and shoot heights of vortexed seeds did not differ from those of nonvortexed seeds when sown in noninfested sand. Furthermore, additional vortexing treatments up to three Fig. 1 . Seven-day-old seedlings of A to D, cucumber, E to H, wheat, and I to L, pea from disease suppression bioassays incubated at 24°C and at a water potential of -2 kPa. Treatments are as follows: noninfested sand (A, E, and I), noninfested compost medium (B, F, and J) , sand infested with Pythium ultimum sporangia (C, G, and K), and compost medium infested with P. ultimum sporangia (D, H, and L) .
consecutive 5-min vortexing treatments did not release additional microbial cells that led to Pythium damping-off suppression (data not shown). Shoot heights from wheat seeds treated with the dislodged microbial consortium and challenged with P. ultimum were significantly greater than those from the lightly vortexed wheat seeds. Shoot heights of seedlings from seeds treated with microbial consortia from pea seeds did not differ from those of seedlings arising from nontreated seeds when challenged with P. ultimum. Fig. 3 . Influence of germination time in Pythium ultimum-free compost (gray bars) or sand (white bars) on the suppression of Pythium damping-off of A, cucumber, B, wheat, and C, pea when transplanted into sterile sand and challenged with P. ultimum sporangia. Shoot heights (mm) determined after 7 days at 24°C. Dashed lines represents shoot heights of seedlings challenged with P. ultimum immediately after sowing in compost medium (no transplant) and incubated for 7 days. Solid lines represents shoot heights of seedlings challenged with P. ultimum immediately after sowing in sterile sand (no transplant) and incubated for 7 days. Each bar represents the mean of three separate experiments. Treatments with the same letter were not significantly different (P ≤ 0.05) according to Tukey's multiple range test. Fig. 2 . Suppression of Pythium damping-off of A, cucumber, B, wheat, and C, pea in autoclaved compost medium and in sterile sand. Shoot height (mm) determined after 7 days at 24°C. Gray bars = noninfested substrates, and white bars = substrates infested with Pythium ultimum. Treatments with the same letter were not significantly different (P ≤ 0.05) according to Tukey's multiple range test.
DISCUSSION
Our current work has confirmed the observations of others that municipal biosolids composts suppress Pythium damping-off (1,13,29 ). Yet, many of the factors that influence and regulate these suppressive properties remain obscure. One of the main aims of our current work was to determine whether compostinduced damping-off suppression was expressed on different plant species. Our results demonstrated that Pythium damping-off suppression in municipal biosolids compost occurred on all three plant species tested. Few previous studies have directly examined Pythium damping-off suppression on more than one host species and in cases where different hosts have been examined, the results are equivocal. Chen et al. (8) found a high level of suppression of Pythium damping-off of both cucumber and two varieties of pea in a composted hardwood bark medium. In other studies with composted household wastes, suppression of Pythium dampingoff was observed on bean, pea, and beets (32, 33) . However, a municipal biosolids compost was ineffective in suppressing Pythium damping-off of pea or bean caused by P. ultimum or P. aphanidermatum although a high level of suppression of P. myriotylum damping-off of bean was observed (19) .
Previous studies from our laboratory indicated that the suppression of Pythium damping-off by seed-applied bacteria varies with plant species (17, 25) . In those studies, despite the high levels of disease suppression expressed on plants such as cucumber and cotton, little to no disease suppression was observed on plants such as corn and pea. We would have predicted that the suppression of Pythium damping-off of pea in our municipal biosolids compost would have been lower than that observed on cucumber or wheat. However, the inconsistent but significant levels of disease suppression with pea suggests that the mechanisms by which disease suppression is achieved by the complex microbial communities in compost likely differs from mechanisms of disease suppression by individual microbes.
The main goal of our study was to establish whether seedcolonizing microbial consortia can explain Pythium damping-off suppression in a municipal biosolids compost similar to the suppression observed previously with a leaf compost (22) . We chose to pursue this strategy because of the potentially greater success in directly identifying the microbes responsible for Pythium damping-off suppression. Unlike many other studies in which the search for microbes suppressive to a range of diseases has been based on comparisons of microbial taxa present only in the substrate and not associated with plants (5, 6, 14, 16) , our approach utilizes our knowledge of the preinfection responses of the pathogen (24) to point not only to the site where disease suppression might be expressed, but also the earliest time at which disease suppression is likely to be expressed.
The germination of sporangia of P. ultimum represents an essential and critical step in pathogenesis, with sporangia germinating within minutes of exposure to a seed; germ tubes emerge as early as 30 min after seed exposure (44) . Seeds may be colonized by P. ultimum within 1 h after sowing and nearly 100% of the seeds colonized by 6 h (44). High levels of embryo infection follow within 24 to 48 h. Seed exudates regulate these responses (23) and if sporangium germination and subsequent seed colonization are prevented, disease development does not occur. This is particularly clear in biological control studies where some bacterial seed treatments effectively protect plants by eliminating P. ultimum germination signals in seed exudates and thus reduce the germination of sporangia (23) . Because of the importance of these rapid sporangial responses to disease development, it is logical that the site of any effective microbially mediated suppression of Pythium seed infections is most likely to be in close association with the seed and within hours of sowing.
Both pathogens and nonpathogens respond rapidly to the infusion of seed exudates into the surrounding spermosphere (23) . Therefore, compost microbes that colonize seeds in response to such exudates are in an active metabolic state and more likely than many compost-inhabiting microbes to actively suppress Pythium infections. With just bacterial communities alone, there can be potentially more than 10,000 species found in a gram of soil (38) , most of which are not likely to be directly involved in disease suppression. By sampling microbial communities at the time and place where suppressiveness is expressed, we can direct Fig. 4 . Suppression of Pythium damping-off by seed-colonizing microbial consortia from A, cucumber, B, wheat, and C, pea seeds germinated in compost for 8 h. Treatments were as follow: NT = nontreated seeds germinated in sterile sand, M = seeds treated with the microbial pellet dislodged from seeds germinated in compost for 8 h. V = seeds germinated in compost medium for 8 h from which microbial communities were removed. TC = seeds germinated in compost for 8 h then challenged with P. ultimum sporangia. C = seeds sown in compost and grown for 7 days (seeds challenged with P. ultimum sporangia at the time of sowing). CK = noninoculated seeds (control). Treatments with the same letter were not significantly different (P ≤ 0.05) according to Tukey's multiple range test.
our microbial community analysis only to those organisms that (i) are in the same habitat as Pythium and are more likely to be involved in interactions with Pythium, (ii) are present at the proper time when Pythium suppressiveness is expressed, (iii) are active against the proper developmental stage of the pathogen, and (iv) interact directly with the plant and plant exudates to influence Pythium activity.
The results of our study demonstrate that microbes from municipal biosolids compost that colonize cucumber and wheat seeds within 8 h of sowing can explain the damping-off suppression observed in 7-day bioassays. This supports earlier work in which microbial consortia, comprised largely of bacteria and actinobacteria, that colonized cottonseeds within 6 h of sowing in a Pythium-suppressive leaf compost could explain the dampingoff suppression observed (22) . We currently do not know the composition of the microbial consortia associated with cucumber and wheat seeds germinated in municipal biosolids compost. Preliminary evidence suggests that, as with the leaf compost in our previous study, the cucumber seed microbial consortia are comprised largely of bacterial taxa related to Bacillus and actinobacterial species (M.-H. Chen and E. B. Nelson, unpublished data). Although no detectable fungi colonize seeds within an 8 h incubation in municipal biosolids compost, low fungal populations (≈10 2 colony forming units/g) have been detected at the longer incubation times (M.-H. Chen and E. B. Nelson, unpublished data) .
Although all of the suppressive activity associated with wheat seeds could be removed by mild vortexing, not all of the suppressive activity could be removed from cucumber seeds in this manner. This indicates that populations of suppressive microbes were retained more strongly on the cucumber seed surface than on the surface of wheat seeds. Evidence for this has come from repeated vortexing treatments in which each vortexing treatment eliminated additional microbial cells from the seed surface and, at the same time, eliminated the suppressiveness retained by the cucumber seeds. This tight adherence of microbial cells to the surface of cucumber seeds may be due to the mucilaginous coating commonly associated with cucurbit seeds (7) .
This study has demonstrated the importance of seed-colonizing microbial consortia in the suppression of Pythium damping-off of cucumber and wheat in a municipal biosolids compost. The activity of these microbial consortia do not appear to differ between cucumber and wheat seeds but may be regulated in slightly different ways on pea seeds since damping-off suppression on pea was much more variable. The compositions of the microbial consortia associated with cucumber seeds in the municipal biosolids compost are currently being characterized. Future work examining the dynamics of specific bacterial taxa within consortia associated with seeds in response to differing levels of disease suppression will further verify the role of specific microbial taxa in Pythium damping-off suppression.
